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JONIZATION WAVES FROM FREE SURFACES OF DETONATING EXP. LSIVES

CrmaEerie ghe i -

) ’ A. Bauer, M. A. Cook, and L. A. Rogers

ABSTRACT

, Tonization waves ejected from the free surface of [condensed high
explosives in various gaseous media at ambient (about GAS mm) and 0.5 mm Hg
pressures are described. Framing camera and streak camera photographs
correlated with electrical conduction measurements showed that a highly
ionized, either highly luminous or completely transparent, precursor wave
led both the shock wave and the main products of detonation propagated from
the free surface. At 0.5 mm Hg this wave was transparent and non-l*winous,
but it always produced a burst of luminnsity upon collision with the end
plate of the vacuum chamber several microseconds bcfore the opaque detonation
pfoducts impacted the end plate. Measured ionization wave pressures were
comprired with computed ones for shock waves moving at the same velocity in
the same gas. The measured pressures were in general several times greater
then the pressures computed by shock wave theory for the observed velocity
and initial pressure and up to 20 rimes greater than for the shock computed
by thne impedance mismatch equation. The waves from the explosive free
surface appear to be highly ionized material radiated from the free surface
of the explosive as a precursor wave similar. for example, to the (electron)

precursor waves observed by Weyman and by Glocrsen in shock tubes.
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ejecred from 1its free surface Into the surrounding gaseous medium.

!ptroduction
% When a condensed high explosive is detonared an icnizutiol. wave is
: (1-5) ,

This

ionization wave may be luminous, transparent, or dark and opaque depending
H

upon the gas medium and the pressure. While this school has maintained

that this ionization wave is a dilute plasma moving in front of the shock

wave. 6thers (6, 7) have regarded it simply as the shock wave itself in

which ionization occurs in a normal and predictable manner by thermal

(4,5)

Lonization. This article presents additinnal evidence that this

fonized wave is actually separated from the slower moving shock wave and

éontains free electrons at concentratiosns frequently quite different

éhan in normal thermal ionization in shack waves. Data obtained from
otreak camera and color framing camera sequences correlgted with electrical
conduction measurements for shots in various gaseous media at ambient

(about 645 mm) and at 0.5 mm Hg pressure are used to distinguish these waves

is well as measured pressures compared with hydrodynamically computed pressures

éor shocks in the medium in question traveling at thbe same velocities as the
6bsovved iunizatioﬁ waves. Comparison of the observed velocities with =
velocigles computed for shock waves transmitted from free surfaces are also

dechJbed in support of the precursor fonization wave concept.
{

g_ etimental Methads S

£
£
:
? For correlation studies a streak came.: and framing camera were in

lome cases operated synchronously in order t» obtain both recordings of the

o

$ame event. Such simultaneous streak and framing photographs provide
!
valuable, 1f not indispensable information for interpretation of detonation

phenomena at free surfaces..

tggssure measurements were made by the "aquarium" technique (8.9) by

gmpacting the wave in question into a transparent medium and observing the
initial shock wave velocity in the transparent medium. Pressures were

obtained from pressure vs velncity calibration curves from which the pressure
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in the transparent medium was then related to that in thé wave by the

(10)

?impedance mismatch'" equation .
1 — ' . \

i W w
TTThr v (1)

€
€

Here Pi = pressure of wave, Pw = precsure of shock wave in water (or
élexiglas), p » density of the gaseous media, V‘ = velocity of wave,

dw = density of water. and V = velocity of shock wave in water at impact
surfaco The values of Vi and V w:re obtained with the streak camera.
For study of various gaseous media at 645 mm Hz pressure glass aquaria

6" X 6" X 12" were used. The explosive wac mounted ineide the aquarium,

covered and thoroughly flushed with tte desired gas befnre and during the

‘ hot. For pressure measurements watzr was poured into the aquarium to a

e

/
depth of several Inches and the wave impacted into it after traveling

through the gas In question.

'K When bare explosives were fired near the water surface it was
impc;ulble to gseparate the ionizatinn wave from the normal detonation
véhock wave owing to insufficient resnlutiosn. To overcome this the
;SSemhty shown in Pig. 1 was vused. The ionizatinn wave ejected from

ﬁhe nynlogive and moving ahzad of the normal shock wave was compressed

-as it was “extruded" up the narrowing flask and into the relatively

(5)

impacted into the water (or plexiglas) for pressure mnasuromenrs before

émall dlameter tubing. The compressed ionlzation wave was then

}he much more intense blast wave from the main charge impacted a short
:?Lme later to transmit an over -pawering shock into the gage medium. Fig. 2
Qhows framing camera sequences of an innizarion wave being extruded into
the tube and the shock generated in rhe water by the extruded ionization
%Wave.

é For the studies at 0.5 mm Hg prrssure the method shown (n Fig. 3

was used. The system was thnroughly flushed with the desired gas, sealed
0nd evacuated to 0.5 mm Hg as measured with a Stnkes Mcleod gage. The

?
‘gases used in these studies were commerctial preducts, {
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Flectrical conductivity measurements were made wiﬁh the method s~en in

?ig. 3c the constant voltage'Eo>(F1g. 3¢) was divided b%tween the known
%nternal resistance (Ri) and the unknown resistance (Rpﬁ offerc? by the
fonization wave as it passed into the region between the probes. By
ﬁeasuring the voltage drop across R1 the value of Rp was found. The
conductivity of the ionization wave was derermined by applying a cglibration
érobe factor. ,( o " K/Rp? where g = conductivlfy. K = probe factor). The
probe factor K was determined by inserting into the plastic tube a 'small
féngth of pipe of the same inside diameter as the plastic tube and wich

é wire at its axis. With this known concentric geometry the conductivity

k &4
d was calculated from the eguarfon %)

2 K _1 ln b’;ﬁ

f °oTR TR T _ @
{ P P

éhere b = inside radius of cylinder. a = radius of inside wire, 1 = length
of cylinder. Table IV liets the expsrimental data and probe factor.

i

Shock waves transmitted from-the high explosive through thin inert

jlates were observed by the streak camera by means of back lighting with

- .

i paiallel light source.

Exgetimental Results

Luminosity
I
Qualitative luminosity results are given in Table I and a few frames

LV i T

Srom several typical framing camera sequences are shown in Fig. 4. Tonization
wave velocity data are given in Table 11. I ce that the velocity of the
1onization waves decreased with increasing gas density. An'important factor
?thet than the density of medium influending velocity of the ionization

?aves is the ionization intensity which is determined by the chemical

nature, density, diameter and length of the explosive as illustrated in .

?lg. 5. Because of the many variables involved, no extensive analyses of
?1onization wave attenuation and life-time were made in this study, these

i
factors having been discussed previously.(l'a)
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Table I:

b

;
3
{
¥
H
!
J
/
:

?Explosive

o o g

.D-13%

D13

AR S

i p-13

, D-13

£D-13

Composition B and tetryl

Composition B

s i SS9 S Lt e B

Gaseous atmosphere

Argon

Air

Nitrogen

Oxygen

Carbon monoxide
Carbon dioxide
Ammonia
Chlorine

Propane
Helium

Hydrogen
Helium

Air Vacuum

“

* D-13 = 63/24/13 HNOSInitrobenzene/water

Qualitative comparisons of visible light intensi:y {.+ lcnization

wavet propagated through various gases at ambient pressures.

Ionization Visible luminosity

potential

(ewv.)

15.7
15.5
12.5
14.1
14.5
11.2
13.2

24.5

15.6
26.5 |

Extremely brilliant
Bright

Bright

Bright

Bright

Bright

Moderately bright
Moderately bright

Non luminous-dark ¢loud
forms

No detectable luminosity
transparent cloud only

Same as in He

Weak momentary light at
charge surface. No
luminosity at long
distances from charge

Very low to no luminosity

depending on actual
pressure

!
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Table II: Ionization wave velocitizss in various gases at ambient pressure
(

\

{
Velocity (m/s=c)

Explosive Gas
nf I-nizarion Wavee
Comp. B* Alr 2320
Argon ” 8570 :
Helium 8670 \\
Hydrogen 10400
Air at 0.5 mm %g 14000
D~13%% Propane T 5400
— —— "7 Carbon dioxide 5450
 Acetylene 6100
Argon RANN
Nitrogen /700
Carbon monoxide 7200
Helium 7400
Hydrogen 81590
Comp R¥#* ‘Propane 65650
Hel{ium 8150
PETN#¥ Helium 7300
J—

%* Velocity 2 em away from charge as measured with streak camera

*% Approximate velocity determined from framing camera sequence
averaged over 8 to 12 frames while {onization wave rraveled to about

15 cm from charge surface.
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b. wave from D-13 into hydrogen

ey o —

c. wave from D-13 into helium

d. wave from Comp. B into helium \\

delected framing camera photographs of fonization waves ejected from explosive
free ng;ﬁgggg,in;o various gaseous media. Frame numbers shown. (1.39 psec/frame)
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£. ﬁutsu of lumZhggzﬁ;—generated when transparent wave from D-13 traveling in helium

impactad end of chamber.

!

:

¥

g gwave from D-13 traveling first in helium and then in air. Thin polyethylene

gseparates gas€s, - '

f

4

i

Fig. 4. Selected framing camera photographs of ionization waves ejected from explosive
] free surfaces into various gaseous media. Frame numbers shown. (1.39 usec/frame)
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Tonization and Shock Wave Pressures

s TPV

LR s e

ove—
L

Results of measurement of the fonization wave pressurce ave given in

#

Table iII along with corresponding values calcclated from shack wave theory.

Figs. 6 and 7 show graphically the results of press.re ard velocity
measurements as a function of gas density.
“f ) 4 Corductivit .j

¢
J
! Estimates were 2alsn made of the varte of decay of condiction of the

i
:
. “¥

'? 16n1zation waves as they propagated away from “he free gurface of tte .
'5 charge in various gaseous media. Figs. 8 and 9 chow plots of tre ennduction : ~€
aa a function of time using bare parallel probes. Tn theszse tests the ends i
o of the probes were cast into 1-1/2 " X 1-1/2" pentnlire charges with about i
!if 20 cm of gaseous medium above the charge. The probes were placed 5 mm apart.
i This afforded a uniform conductivity inside the panznlire as a reference to %
]§§ ‘fthe (integrated) conduction in the freely expanding ionization wave., The | 1
i “f - "Base line" as seen in Fig. 8 was ohtained by inculating the probes down %

%5 t; the surface of the explosive, the surface being coated with grease. Thus,
! . 5 ¥ : .
i ‘ the hase line defined the internal explosive conduction zone so that, conduction

abov* this line was related to the intensity of the ionizatior wave, and the

denai*v and composition of the gasenis medium.
5 In order to obtain maximum conduction as a func*ion of distance from

thn charge rather “than | integrated values, paint prabes (0.5 cm gap) were
mounted perpendicular to the chavge axie at wario~is dishances from the
charge. This method also employed 1-1/2" ¥ 1:1/2"  pentolite charges

qnd free expansion of the lonfzation waves. The curves all extraﬁolated

éo a common point at the charge surface. Corducttiorn data for compressed
lonization waves as measured by the method in Fig. 3a are given in Table IV.
the 1/16" D probes in this case extending inside rne 9 mm 7.D. plactic tube
?ere about 5 mm apart. The shapes of the oscillnscope traces gshown in

Fig. 10 are characteristics of the gases used (allowing for statistical

‘fluctuations). . |
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Table I1II:

gt g e b o R S T S A we e e ein e e

Experimental and computed pressures (assumed shock) in various gases (Composition B
charge)

x
¥
iy

¥
3

Gasjs Li N vi X Py Py Py pi/ps
1, Kir 0.001 3 17.0 +£0.1 51.3 Below experimental limit

200 ™ M) 0,675 3 16.840.2 50.6 1.4£02 0.70£0.10 0.21 3.3
3. He 0.150 3 16.6 +0.15 50.0 1.2 +0.2 0.60 +0.10 0.41  1.46
4, ?‘Ha 0.650 3 12.0 +0.2 36.2 5.4 +0.4 2.71 +0.20 0.9  2.89
5. CpH, . 0.9807T 1.0 33.2  10.7 5.37 119 4.51
6. Atr 1.09 6 11.0+0.1 33.2 7.9+0.2 3.98+0.09 1.32  3.02
7. 92 1.21 2 11.45 +0.15 34.5 7.3 3.68 1.59  2.32
8. A 1.50 3 9.4 +0.03 28.3 4.1 +0.2 2.06 +0.10 1.32  1.56
9. €0, 1.66 2 10.3 +0.05 31.0 11.3 +0.6 5.69 +0.30 1.76  3.23
1o.9c3a8 1.70 , 3 10.2 +0.2 . 30.8 12.9 +0.5 6.50 +0.25 1.77  3.67
1. ¢l 2.70 3 9.3%#0.1  28.0 12.5%0.3 6.28+0.23 2.33 2.70

Py ! = {ultial density of gas (g/cc)
V1 :- velocity of ionization wave extruded into plastic tube (km/sec)
pw”l- pressure in water as determined by measurcc shock velocity and calibration curve (kb)
Py ' pressure in incident wave as determined by the impcdance mismatch equation (kb)
Py :- computed pressure of shock wave moving at the observed velocity Vp of the ionization
' ,, wave in same gaseous medium (pi + Py = i 1 j)
Ui - particle velocity in shock wave of velocity V and pressure Py (km/sec)
Mﬁ mach number

Ng_ number of shots

E

L NN A B BT & sl R S

Ry

et s 8

ren st & i S et
e
—

e




| -
» —
!
. -15
i
: g :
: § Table IV.
4 A. Conduction in compressed ionization waves
) i
Gas : Ambient Pressure 0.5 mm Hg Pressure
? R (ohm) ¢ (ohm cm) -1 Lc(cm) R o Lc
i
": E "
i - Argon ‘0.6 0.5 -- -- .- --
D Adir 0.6 0.5 16.5 1.2 0.25 30
E{ oxy8én 0.6 005 - e -- - -
A Chlorine 1.0 0.3 -- -- -- -- 1
- Ammonia 1.9 0.16 -- -- -- -- ’
o Hydrogen 2.3 0.13 25 1.5 o.zq 30 _
/i 1
: Helfum 2.5 0.12 -- -- - --
¢ Acetylene 10.0 0.03 -- -- -- --
Lo Fropive  52.5 0.006 12 1.7 0.18 30
L \
L'c & length of fonization wave \\
“' \
L -, B. Absolute conductivity data for compressed ionization waves
i from equation 2 where b = 0.416 cm, a = 0.159 cm
!
length.(em) o (obm cm) -1 ¥ -medsured probe factor
% 2.564 0.28 1. 0.23
; 3.81 0.39 2. 0.31
5.08 0.40 ‘ 3. 0.38
** | )
—
3‘
!

i
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g computed

numbers correspond to those
in table IIX

0.1 11
0.1 0.15 1.0 1.5
GAS DENSITY (gm/1)

function of density of gaseous medium.

20 praere_—

jo
oS
N\

®
ol 0@
O~~~

\

numbers correspond to
gases listed in table III

feg

IS

VELOCITY OF COMPRESSED IONIZATION WAVE (km/sec)

] | !
1.0 2.0 3.0

o

DENSITY OF GAS (gm/l)

Pig. 7 Graphical corralation of data in Table I.
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.gFig. 6 Measured vs computed ionization wave (or shock) pressures as a
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% Fig. 8 Plots of oscilloscope traces of conduction in various gases as a
i i s function of time (or distance) of propagation of ifonization wave
: & “ from the explosive. Rl » 9 q, Eo = 45 volts, parallel probes =~ 1 cm
v i apart.
B 1
o i
4 -
: 4
3
|
! ® |
P [ ] \

A e, Sy AR o WS S

i R e R e R e e
A g s o [ AL RCL + kR e b 4 et

VERTICAL RISE ON OSCILLOSCOFE (cm)
‘ - &
7
4

ff /
E]‘ § DISTANCE FROM PENTOLITE SURFACE (cm)
! ;
- . Fig. 9 Maximum conduction of freely expanding {onization waves as a function
: : of distance from free surface of 1-1/2" X 1-1/2" D pentolite charge. ;
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Fig. 10. Typical conduction traces for ionization waves.

e e iy e ot e ;g..ge,.aﬂvw;,-muggw,gm g R R e

e el e S5 ST Wl e o eis



T

-19- f

'
1

i %

: § §In comparing verticle gain, however, note that Ri was variad aad the data
ineeded to be normalized. When comparing the pulse duration it must be

i PR

ffemembered moreover, that the ionization traveled at a different velocity

| «for each gas (Table I1I). The conduction data listed in Table IV also

5 1nc1ude data from a series of probe shots where two sets of probes were

. used in the plastic tube & known distance apart, and yielded an oscilloscope
trace with two humps in it. This permitted comparison of the funization wave

lntensity and velocity with the luminosity and velocity determined by the
streak camera.

The observed conductivity data for air and hydrogen are compared with

' data computed from shock wave theory listed in Table V. The relative values

[ 4
'
Ahr‘-‘a:‘vr'\-.." B

‘jé : *listed permit observations and theory for air and hydrogen to be compared >3
ft ‘i with the uncertain probe factor eliminated. The calculations for hydrogen ’
%i; : *were performed at this laboratory and a description is given in Appendix I.
E;: f yThe sh?ik>the0ty conduction data for air were taken from Gilmore(ll) and
ii; ; c;Meyer Gilmore solved the equilibrium conditions for the many species
j : i of particles in an air shock and tabulated the number of free electrons per
E;? E {Tair particle for a given initial pressure, conductivity in an air shock
f&- \ i from thevexpression )
ne f 0 e &
i MG £4Q (

|

. \
% where ¢ = conductivity, ne = number density of free electrons, nJ = pumber

S g

¢ density of ion species i, Qj =Maxwell averaged total electren collif}on
' 2

}g . cross-section of species j, C o = mean speed of electrons = (8kT/nM) )
. : electron charge, M.e = electron mass, k = Boltzmann constant. The only

difficulty i8 in obtaining a value for Q.1 At high temperature the positive

1 v

1; ! lons become the dominant electron scattering centers by introducing a )
. 1 coulombic effect between the ion and electron. While the cross-section of

}’ ¢ neutral air atoms remain approximately constant (2 .10 15cmz) over

f i experimental temperature ranges the ion cross sections due to coulomb

e
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% ThblekV:

?

A, ?Air

2

!

:
Probe o ,
loc:tion P o* °645’°0.5
Neak 645  0.012
charge 0.5
surface 0.5 0.006
Exiruded 645 0.52
into 3/8" 2.0
plas;ic tube 0.5 0.26

i

¢
B.g llydrogen

! Po 9% g5/ s
Extruded 645 0.13 :
into 3/8" 0.6
tube 0.5  0.20

Vii- velocity of ionization wave (km/sec)
Po im initial pressure of air (mm Hg)
Tzk- temperature—1R shock wave(ll) (°K*10

8.6

15

11

17

16.3

17.0

-3)

17

19

\-

\

pzlpo
10
0.014

10

0.013

q**'k
9.25:10"°

0.11°107°

(11)

pz/p = density ratio between shock front and initial density .

¢ = conductivity in ohms 1oeml

é
*g using experimental K from Table IV b.
*ﬁ from Fig. 12
wik calculated from shock theory

e S e e
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Experimental conductfvities compared with shock theory-computed conductivities

o

* %45/ %.5

29
0.2
130
130
0.8
160 ‘
%45/%.5
82
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interaction vary 2L from atout lo.lzcm2 at Low remperatures (3000°) to values
apﬁroaching lo'lscmz at bigh temperatuteé (>20.000 . With assumptions of how
Q fVaties with T, Meyer calcnlated electrical conductivitfeg in ar ailr shock.
3. Flés. 11 and 12 are taken from the work of Gilmrre ard Mezyer.
4 : :e

g True Shock Velocity

:% Shock wavg‘xglgpigy measurements were made for shocks transmitted from
Composition B through aluminum pla*es iotn afr and argor. The plates were

so;tnin the pressure drop of the stock wave in *ke plate was small, ' The

[ 8243

L veincities obtained were 4.4 km/szc for tre snacks tranemitied into air and

3.65 km/sec for those transmitted 1rco 3rg>~.

! §
| %
Dis useion of Results
% Source of Luminosity and Ionization
,? The detonation-generated plasma concept has been crLticized(6’7> on the

J basis that the observed luminosity is simply the result of thermal ionization
and recombination in a shock wave, the diff-rencs. for erample, between
cohductivitiea in air and helium presumably being caised by the greater
1dhiﬁution potencial of hellum. Iumipssity, nowevar. 1e uot really the
cfiterion that. determives the existence ov non-exietence of a plasma. In a

hfdtogen”atmosphere luminosity 12 aleo lack.iog even tpough its ionization
! pgtentfal (15.6) 18 less than that of the most beillfsnt. luminosity generator,

argov. One, of course, vealizes rhat the shock wave pressare would be much

i: ‘ higher in argon than in hydrogen. Ween Compod/tiom 2 {is detonated in bhelium
o qée does observe luminosaity (Fig. 4d} over u shor: distance from the charge

) lﬁd this irself ig & phenomenon thar cao havdly he expleined by w shock
meckand sm. Als0, although the lumivoszity disappears in ; very short period

(: 3usec) the ifonization continues in Zeliun. Wo.r luse powerful Dithekite-13
‘ wms used there was no visible luminozi*y but «til! swrong ionlzation was
oblerved. Claarly, one needs to diszirg:ish betwzen twe ionization wave from
I che explosive and the fonization {nduccd by s «hsck wave (n a gaseous medium.
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%Previous electrical conduction work™ ~ and -T¢ dara obraired here
(fig. 8,9) serve to distinguish between the two syurce: »f ionizaciore. in
addition to the data reported here, unpuolisted spez®roscopic studies of the
ionization wave , or plasma, in argor showed ca-ton as well ss5 argoe ir the

i ¢ A
luminous wave front. Furthermore, Funk, et al (13 smowed trat the luminosity
of the ionization wave may be readily modified by rhir fiims or coatings
p]ace& on the free surface of the charge. e.g.. **ir tayers(cf alvmirum,

magneéium, lead, grease, etc. \
: 1

%Dithekite-13 was used for some of tre prescr* :zvudv becauss its products
of deionation (since it is oxygen balanced) are -<rerspavenc. Ir Fig. &b, ¢,
for e;ample, the presence of detonation produczts ir -*e transparent region
behin& the ionization wave can be detected only by s distorticn of the
backligbt grid. Close observation of the isnizazior waves in hydzogeniand
heliu; reveals a diffuse, non-lmirous zone at %=z front of the dn*ona:Yon
products that corresponds to the luminous zone, f>r ¢rxamrple. in oxygen {Fig. Aa)
This fuzzy zone 1is not due to a shock wave alzanve ci-ce {* 18 %29 wide o be
attri%uted to possible _camera smear effects a=d c~veve cnly the front part of the
detondcion product wave. Furthermore, with the <yps of diffuce backlighting used
in Fis. 4, one is not able to resolve gasenus ehocks of rie small magnitude
involved. Special techniqumes such as Schlieren or psarallel light axe needed
to obperve the gaseous shocks. (14} The fact <tar the fuzzy zore in helium
is c&nduﬂtins is seen in Fig. 4c where the high voltag:s arc (approximately

20 KV) discharges as the zone reached the H.V. pvoue:,

* The low conduction (Fige. 8.9) in hydracsr™sp ga.sne, and hydrogen and
ammonia, is explained on the basis of elect¥an trap: dus o breakiog of
chem%cal bonds involving hvdrogen atoms which znak =p the frae elecrtrons.
Crac@ing is strong in propane where the {onization wais generates a densa
blacﬁ cloud and itT electrical conductiszn “hen becomes vil. On the o<her
hnnd; as shown below, in many cases {onization of appreciable magaitude (8
gene?ated by the shock wave, e.g., in argor and air.
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Fig. 11 Density and temperature ratios across normal shock front in air.
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Fig. 12 Electrical conduction in an air shock wave.
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EQ%n though the ionization waves in hydrogen and helium were non-luminous

they aldays generated high luminosity upon impactirg a glase or plastir, e.g.,
the walls of the containers. For example, the chkamber end may be seen in

Figs. Af 13 and 14 tn be illuminated well ahead of *:: oncoming dark detonation

products. For instance, in Fig. 13a the {llumination occurred 2.8 psec before

the masiive detonatfion products reached the end plate, and in Fig. l3c, involving

a smallér vacuum chamber and Comp. B/AN explocive ¥ = 7.4 ¥gfgec) the end of

the chamber may be seen to have been illumirated evz- before tha detonation
xeached%the end of the charge. For the latter zase .! - material causing
illuminétion came from off the sides of *he charz: and reacteq the end of the
chamberfwell ahead of the detonazion owing tn the extremely h*gb velocity of
this précusor wave. In Fig. 14 although tte chamber <nd platelwas illuminated
well nhéad of the detonatfon producns impact oo the plate, the pressure in the
ionization wave produced no detectable shock wave {(observable by this particular
techniq@e) in the plexiglas. It was severai micro:zecords later before the cloud

of detonation products impacted. th= plaxiglias and zen-srated the shocks sﬁfn in

rig. 14;

éhock ve Jonization Wave Pregsureg

ihe observed consistently high values of pressvres in comprezssed fonization

P :
waves (Table III) over corresponding pressures compi:cd for shocks traveling in
the sa@e medium at the same spered ig noteworthy. By themselves, comparisions of
observéd vs computed pressures may not be guffici rt 1o rule out the possibility

cf & shock mechaniem. It may be argu=d, for example, thar tre impedance mismatch
N oon
equation may not apply with sufficlent accuracy.‘”}/ 7. the other hand, evidence

prese@fed below shows that the actual shock wave welszity for the true shock 1is
less éhan half the velocity of the ionizatiss wavse. Heace, the asctual or true
shockéwava pressure i3 only abour one-fourthr a2 grea’ as Lhe value computed by
nssum@ng the shock wave velocity ro bz the same as the ionf{zation wave. On

this ﬁasis the measured fonization waves pressures ware 10 to 20 times greater
than\ihe pressures I Lhe true shock waves transmitted from the explosive into

the gesrous medivm.
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MIRROR

PLATE

PLEXIGLAS END

T — -

/

—

TIME (|L sec)

in Fig.15a.

y

/
/
- ‘\ LIGHT

some

[S\=vacuum
CHAMBER

- EXPLOSIVE

i \aoosrsa

4s. Streak camera record obtained simultaneously with the framing "K:amera gsequence

14b Framing camera sequence of (73/27) Comp. B/AN detonating in plastic
Inter frame time 2.08 psec, D = 7.400 km/sec.

chamber of 0.5 mm Hp Aifr.
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The conductivity data ray aitsc be criticized on several poirts, for example,

1 (17D

B
1; may be argued that surface conductivicy effects berween the probes caused
inaccurare measurements, hence an inaczcurate prob2 factor, On the other hand,
it chould be noted from the results cf Table IV ““at the corduction was almost
1pdependent of the composition of gasaous medim. Likewise, the length of the
cénducting zone was irdependent of tie gasaoue medium. Tris would be expected
only if the conductlon were duz ro iomi:zed gareous preducts from the ‘*ploéive.

The shape of the conduction curves 1is alzc eignificart in that there was a

'gradaal rise of conductior asz tke idnizatior wave reacnad the probes, whereas

tﬁe conduction for pure chack (Fig. 15) ta: 8 mire suddzr rise. The fact that
cénduction over the probes {in free ewparmsiar. with no wall effects) increased
géadually indicates that there 1z an increacing dznzltyv of elecirons ieading
u§ to the shock front.

Y

"Precursor" ionizatinn Waves

It is not unexpected that electrons ard peviaps low mass fons would be
radiated ahead—8F a shock owing to 143 =igh thermal gradient. The high
;emparature of the shock (e.g.}"lODOOQ”K) coupied with tte low ambient:

éempera*ure ahead of the shock presents a rremendovsg driving force quite as

T g, R B T N e

effecLive a8 an electecical porential gradixat fou sepuzaling the lnw mass
electlonb from higher mase ions.  Tnhus, it iz roh really suxprising that
§1Actrons and the lighter ions are able on diff e nhﬁpugh and move atead
&f the shock front. Most of Lhe {onized mareriail ic tte lonizetion wave
aefinately originates {from chemiovization) . rta explosive surface and is
%jecned 1nto the gasesns medium when the d:fapatlon reacrtinn none Amergas
from the explosive free gurface. As the gurface laycr of explosive 1
encountered by the detoratios rescticn soms of £&: explorive ds projected
£orward wnile it is still undeeaoirg reaction and is 'kuhxpxajecumd into the
glaeoun medium before decay. promnted hy higr denaity, ° ° has time to take
;pllce.
i ?
o
jand by Gloerson( 6) and others (22) in shock b ha arudies. Free electrons

‘radiated abead of the shack wive were deteczed by Woyman at more than a4 meter

The precursor jon{zatfon wave phanomerdn has bewn obgerved by Weyman (13)
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in front of the shock wave and the General Telephone and Elbctronics Laboratories
o )édetermined electron density of 1011 to 10 electrons/cc Luiid up over a
distance of approximately 15 em in front of the shock wave in a shock tube.

:
i Yelocity of Shock Generated by High Explosives in Gaseous Media

| \
© The more general assumption is that the brilliantly luminous ion}zation

wave; from high explosives are simply intense air shock waves in which''
1on1;ation arises by thermal means. It has generally been overlooked that the
obaeéved velocities would imply a breakdown of the hydrodynamic theory of |
transmission of shock waves. . That is, if the fonization waves were truly

ahock waves one might well wonder by what mechanism they acquire such high
velocities and pressures, i,e. why the waves radiated from free surfaces of

high explosives have velocities about twice as great as waves of the same or
highgr intensity transmitted from inert, e.g., metal, surfaces into air. For
exaﬁ}le, the velocity of the observed luminous wave transmitted from Composition
B di&ectly into air at atmospheric pressure was 8.3 km/sec, but when an aluminum
plate thin enough so that there was no appreciable attenuation of the wave,as

&9

placﬁd of the end of the charge the shock wave was observed at only 4.4 km/sec.

detetmined by actusl pressure measurements by the aquarium method

For tzgon corresponding velocities were 8.57 and 3.85 km/sec. respectively.

Careful examifiatfion of the application of the 1mpedance mismatch equation

oA e

(1) . has been made for shock wave transmitted from Composition B into five solids

ans

and five liquids of widely different densities. For the liquids Fig. 16 presents

Bt

Y

the’meaaured velocity-pressure curves obtained by the aquarium method. Table VI
prelenta the obaerved initial shock velocities and pressures computed from the
1mpidance mismatch equation. The consistency is excellent and the results are
(18, 20) showing that the

in ¢lose agreement with those of the Los Alamos group
impédnnce mismatch equation applies very well to liquids and solids.

% As anothar check on conaistency U /V values were compared with
(v i-v)/v results computed from the Iaic equation of state and the theoretical
equution of state derived by Cook.(lg)
these computations. Note the excellent agreement between the observed U1/Vi

Table VI presents parameters used in

e

A
SNSRI : S

LS AR B sk

,._»
A

T T




—
e

-30-

ety i g

200
r_

A W A e

150 }—

--..._T.:A——;4..*,.,..~ : N r~§ —T

S T 2 R TN AN B,

CARBON TETRACHLORIDE

100 }— CARBON DISULFIDE\\\\\\\\
b METHAN

— _»__,_‘_A ;%_w.,,, ),

[ TN
1

GLYCERINE

bt
o

St L e

BENZENE
FLEXIGLAS

ot
-

PRESSTRE (kilobars)
LV, ]
o
|

WATER

S T e T S it L :‘n:?:\’4;:“:a~.%~g AR v e aim et N, 8 e S0 SRR S H 5 o

IRE , : 1 | | | \ J
; f 0 1000 2000 3000 4000 5000 16000

1 ,
' h SHOCK VELOCITY (m/sec)

: :
}] Pig. 16 Experimental veloeity ve pressure curves for shocks in various
liquids.

: i .
Aol >
Y e ey v

PUNCSSN2 4

e i 8 e S e S s




s T T

-~ . . °
(:3e318 3O uolj=2nba s,joo) wWoiy) ¢y =°1 $(d + T)/D = ¢ :uorjenbs IyEL

o o3e1d TV nig) usyel SIVIWIINSEIH ++
_ sojerd IV UIY3l 03 poinseam sa5e8 10F 5}004S IO LJIJ0[9A = 1 A

) o (]
N:-G 8 2+ 1) - 1= a/(s- A) wory paIndwo) xyx
xd pue uoyjenbs JJel WOII xx
1 uopjenba yojewsym acuepodwy WOl »
A £370079A paniasqo 943 pue eiep I-A-d usom woi3y pandwoy +
SABM HOOYS B 9q 03 dAemM UOTIEzIUOY Suymsse pandwo) #

L1'0 S1°'0 -  cZ€ -- -- LL'o 11°¢6 S0 61L0°0 06°8 19ddop
91°0 L1°0 -- 1113 - .- 88°0 81°S S0 £850°0 98°L uoay
v2'0 61°0 -- 082 -~ . == 8" 1 \7ANA S0 %€1°0 0/°7  wWnuyENV
L1'0  91°0 .- 1{°Y4 - -- 6°1 09°6 <o 6680°0 ©gg"1 wnifidag
w70 8% 0 -- 19 ¢4 - -- 0z°€ 0L°9 €0 S62°0 geL1  wnysaudey

L
™ 66z'0  §52°0 -- 0S¢ -- -- 18°0 19°€ o £9£0°0 6s'€1  Kandasy
69%°0  69%°0 -- 144 -- -- L' 68'y  §260°0 L9°1 09°1 7190
607°0  60%°0 -- onl -- -- 6€°C 88°S G9ET°0 9%°0 00'1 aajen
€S0 %S%'0 -- 941 -- - §6°T 09°s (€1°0) L6°0 88°0 auazuag
#x6S%°0  SS%°0 .- oln = -- -- 0S5°¢ 0s's (€1°0) 1 g°'0  TOUEHIM

: ./ . ]
oyL'0 06°0 81'0 9'8 na./o €8°2 €8°€ -- / -- . orr? 1 vo3ay
968°0  868°0 79'0 S1°0 €°8 wJo 86°€ vy -- -- -0t I
. . ° ryoe g . e - - ﬂ. .d a
S16°0 60°0 20°0~ L°8 | 4587 o1 ¢-0 e. %
§90°0 1070~ %°01 | - - g 00
Qi Q@ 99s/w  qi J9s/my 998 /uD| ( co.— . .75@ 22 .“w
X . ... ¥ by d =nTPIR
RN Y N - Y S S g
. - ;..&m&ﬂmﬁﬂhﬁmﬂs@%mom [30 €T = ) S

g uoy3ysodwo) woiy pa3ITWSUEI) SIARM JI0US jo ser3zadozd TeTITUL <IA 219el




PR oo s A o i o A G P

T A S v e

[ |

AL I

1

e

Famia iy Bl %
¥ o § ey

v s 4 &

e

FUEI 4 It

Rt

r

«32-

and computed (v v)/v results. (Note that from hydrodynamic theory
U /V (vi v)/v1 ) Considering such wide differences in shnek jwpcdance as,
for example, between Composition B into methanol as compared with Composition B
into mercury, magnesium, and copper, the impedance mismatch equation thus seems
to have quite general applicability. Even more significant is the fact that it
aﬁblies quite accurately in predicting the shock velocity (or pressure) of a
sheck transmitted—&ntaﬂair and argon through a thin metal, e.g., an aluminum
plete,as shown in Table VI. These considerations therefore provides strong
evidence that the ionization waves from free surfaces of high explosives are
not true shock waves because their velocity characteristics are quite different
frsm those computed from the well-established shock wave theory and the
iﬁbedance mismatch equation.

%

Conclusions
§
§ 1. Luminosity is observed when detonation plasmas propagate through

meﬁy gaseous media, but luminosity is not the determining criteria of plasma
ei&stence. The luminosity is caused by interaction of electrons in the plasma
wfth nolecules of the gaseous medium (largely via negative ion formation). If
négattve ions are not obtained, i.e., if there is no electron affinity, as in
hélium,~no medium (vacuum), or if there is rapid ionization decay due to free
ridicals: there may be no visible, or only a transient luminosity associated

wfth the plasma even though it initially may be rich in free electrons.

2. The measured pressures of (compressff) plasma are consistently up

e Saped S v

té five times higher than corresponding shock pressure cf the same velocity.

¥
; 3. Absolute conductivity measurements in air show insufficient

differences relative to those computed for the shock wave theory, and are
not conclusive in themselves. However, the situation is quite different for
hydrogen, helium, and other gases where shock wave theory can in no way
a&count for the high observed conductivities. The shapes of the conduction
treces are quite different than for shock waves, but agree more with the
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7

coﬁcept of detonation-generated plasmsassociated with, buvt sieving abead of
thé shock ‘wave.

% 4. The precursor ionization wave or plasma is gererated primarily from
chéﬁionization in the detonation reaction zone and is ejected into and trapped
1n5the low density state of the shock upon reaching the free surface of the
exﬁlosive. The fonized surface material is then propagated ahead of the
nnrmnl shock where it interacts with the gaseous medium tb produce high

luminosity in many cases. ‘

4
4

% 5. The velocity of the ionization waves radiated from free surfaces of
high explosives are much greater than can be accounted for by classical
hyd}odynamic theory of shocks and is likewise much higher than one observes

foﬁ‘shocka transmitted into gaseous media from inert solid free surfaces.
! \
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APPENDIX I: THEORETICAL RESULTS FOR SHOCK WAVES 'IN HYDROGEN

% ; The first step was the calculation of the dissociation oroducts in the - 'i g
! " '

i

*ghock wave corresponding to a given fnitial specific volume (v), a given

- compresoion ratio (v /v), and an assumed shock temperature (T ) The species
?ﬁw ( considered were H2 H, H2+; H and ¢ . The method used Eollows that of COOk,(l)

i ’ the appropriate chemical equilibria being expressed as follows: : o
il 3 : Q?f s
N é R -»1/2}‘12 K3 __ﬁ%._ )
.
. ¥ 4 -
) W sHy Y -~ Ko '-:SEZl"" B (2) :
7 : - (H,) (e) ;
il i -+ ( . ;
# i - - -
L Ry = — S8 (3
: M) (e€)
RS n+ e K, - (H) gl )
2w ()

‘where a () signifies the concentration of the enclosed species in gram atoms
per 100g of the initial mixture, hydrogen. The symbol, F, denoteJ\the fugacity
factor. which (since the ideal gas equation applies in this case) has the value

F= 1/v Co (5)

ot g Rt B 2g T

‘The values for‘Ks as a function. of temperature are listed in reference (1).

The remaining K's were calculeted from Saha's equation expressed in the form

log Kp = (-5024 19) /T + 5/2 1?3 T + log (8,8, /8,) - 6.47 O]

et A B

;where Ia is the ionization potential in electron volts and g ge, and g, are
% ’ .
§the statistical weights of the ion, the electron, and the atom, respectively,

?with the exception of reaction (4) where g, was the statistical weight of the
‘atom and 8, was the statistical weight of the negative ion. The values of Ia
‘used for renetionl 2,3 and 4 where respectively 15.6, 13.53 and 0.75. The

‘Ki's of equations 2,3 and 4, which are defined in termc of the concentrations

i g

s

,»
3
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‘7 \ .
: @ |
;'T i of the species, are related to the partial pressure Kb 8 of equation (6)
! by the expression )
T ; - K =K 1 a.2181/m7! '
o i Py
. f Bquations 1,2,3 and 4 ﬁay each be expressed in terms of two independent ;
" variables The variables chosen were (Hz) and (€), the rcsul: being
3 1/2 -1/2
X ) '
- 3
, 3 . ! () 30
i i () K31
; e —
.- ¥ 1/2, 1/2
. b @), ) ) 732 =F3KsF - Bt
F ]? gThe series of relations 8,9, 10, 11 together with the mass balance equations
141 H - +
‘ i + + +
: 2H2 H+H H + 2H2 - Ho (12)
it i + - .
i uz+u+.n - (13)
Tt :are sufficient to define the species for each given set of conditions (H
E‘ %is the number of gram atoms of hydrogen per hundred grams ‘of gas). These
_ ; equationa. being non-linear, were solved by iterative methods. - The procedure
I ltwas facilitated, however, by the fact that “yv combining equetions 9,10, 11 and
“ ; 13, (¢) can be related to (H ) as follows:
] ;
! ()2e J2D) 2 ’3%,;“ 2 " i
g % Thus, for the desired specific volume v, one would,
¥ (1) select the compression ratio volv for which the shock conditions
‘ j were desired, v being the specific volume under shock conditions. The i
' . corresponding fugacity factor was then calculated from equation (5). '
[
|
\
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(3)

(2) A guess was then made of the shock temperature TE corresponding
to the chosen initial specific volume and the compression ratin.

(3) The equilibrium constants were calculated from equations 6 and 7
and the 7's from equations 8,9, 10 and 11.

(4) A value for (Hi) was next selected and the corresaonding (e-)

calculated from equation (14).

(5) Through use of equations 8,9, 10 and 11 (H), (H2 Y, (H) and (W)
were calculated

(6) These values were substituted into the mass balance equation (12),
the solution being correct when this equation was satisfied, the value of
(HZ) being adjusted to facilitate this.

(7) The quantities n, Q and év where n is the number of moles of gas
at shock conditions, Q is the chemical heat, and C /is the average heat
capacity between the initial and the final temperature were calculated per
kilogram of gas by the equations

n= 1ozin1 |
C - 1ozinicv | \

The thermochemical solution must be consistent with hydrodynamics This

occurs when the "guessed" value of the ahack temperature equals the value
that hctually corresponds to the initial tpéci%ic volume and the compression

ratio selected. The shock temperature is given by the relation
1/2(p + -v) + = .
T, -, + /2(p _po)(vo ) +Q 16
C
v

whare Tl is the temperature of the unshocked gas, 1/2(p + po) (vo-V) is the
Hugoniot compressional energy and Q 1s the energy of chemical reactions in
the shock wave. By means of the ideal gas equation of state which is
applicable to the high temperature, relatively low pressure conditions of
interest the shock pressure was calculated using the '"guessed" value of the

RN
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temperature, the chosen spe;ific voliyme under the shocked conditions, and
the number of moles of gas from the thermochemical calculations, namely

p= uRTé/v \$17)

[RvP,

With this computed value of the pressure the shock temperature could then be
calculated from equation 16 using the‘E; and Q determined from the thermo- .
chemical qglgg}qgiogs (step 5 above). If the resulting Tz was the same as »
the "guessed” T,, & self consistent solution had been obtained. Otherwise,

a new temperature was selected and the whole process was repeated until

agtéemeﬁt was achieved. 1In order to facilitate the rapid convergence of the

temperature it was helpful to plot the "guessed"” T's vs the resulting T's

calculated from equation (16) as shown in Fig. a.

4—*—-0“"’- vllv;
Cﬁ=1-______~___
’—'—{

Correct Té

vzlvo '

guessed

Calculated Té
- Fig. a "guessed" vs calculated T's . o

For hydrogen there were two solutions for some compression ratios; the
1 )
correct solution being the one in which the temperature varied correctly

with the compression ratio. The velocity of the shock wave was then

obtained from the well know equation
| (1/2
Vey 4 -2 (18

c,(vo - v) e

and the particle velocity from :
. . h
" ym PP (19) 1

POV ‘
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The above process was carried out for a sufficienl nuicher of different
compression ratfos and the same i{nitial specific volume that fairly accurate
plots of the results could be made. The electrical conductivities were then

calculated by the methods of Meyer.(lz)

%he results of the calculations are shown graphically in Fig. b and
tabulated results in Table i. In addition to the calculations for the

~specific volume approximately equal to atmospheric pressure one calculation

was made for initial conditions corresponding to 10-3 atmospheres in order

to compare with experimental data on conduction in the hydrogen at this

pressure. The comparison of experimental conduction and calculated theoretical

conduction is seen in Table V (in body of the report).
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